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Abstract 
The benefits promoted by natural products on human health have motivated industry to search for alternative 
separation systems in order to purify active compounds present in renewable sources. Amongst natural products of 
current interest for food, pharmaceutical, cosmetic, and chemical industries is methyl chavicol (MC). MC is a natural 
ingredient found in several herbs as tarragon, sweet basil, sweet fennel, and their essential oils, and its widest 
application is in food industry as flavoring agent. In this work, basil essential oil was used as raw material to study 
MC concentration through a hybrid evaporation system. The evaporative system was constituted of a cylindrical 
evaporator, an internal condenser located concentrically to the evaporator, and an external condenser. It generates 3 
outside streams: distilled, side, and residue, which were recovered at the bottom of external condenser, internal 
condenser, and evaporator, respectively. From experimental results, it was verified that higher MC concentration was 
reached at the side stream because its intermediate volatility when compared with other substances present in basil 
essential oil. Central composite experimental design using 2 factors and 4 replicates at central point was considered in 
this work to determine the effect of operating conditions on methyl chavicol separation. Response variables were 
methyl chavicol concentration (%MCside) at side stream, distilled (%D) and side (%S) streams amounts. The factors 
studied in this work were: evaporator temperature (Tevap) and feed flow rate (FFR). Analyzing the variables effects, 
two variables presented a statistically significant effect on distilled percentage: evaporator temperature and feed flow 
rate. For the side stream, the variables: evaporator temperature, feed flow rate, and the interaction between evaporator 
stream and feed flow rate influenced the side amount and methyl chavicol concentration.  
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1. Introduction 
Evaporation is a unit operation of great importance in chemical processes industries due to its wide use 
in several fields of application (fruit juices, dairy products, pulp and paper, chemicals, foods, polymers, 
pharmaceuticals, among others) [1]. One special case of evaporation is called molecular distillation. It is 
indicated to separate heat-sensitive substances of high molecular mass from homogeneous liquid mixtures 
[2]. The main characteristic that distinguishes molecular distillation from conventional distillation and 
evaporation processes is that evaporating molecules present a mean free path with dimensions comparable 
with the distance between the heating and condensing surfaces [3, 4]. It is recommended for the separation 
of substances susceptible to thermal degradation when exposed to heat because its low pressures operating 
conditions (10-3-10-4mmHg) and short residence times. However, the same equipment can also be used to 
work with substances of lower molecular mass [5]. In this case, the operating pressure must be higher to 
avoid material migration towards the trap or an external condenser must be added to the equipment before 
the most volatile substances reach the trap. Originally molecular distillation equipment generates 2 outside 
streams: distilled and residue. Coupling an external condenser, three outside streams are produced, which 
in this work were named by distilled, the stream richer in the most volatile substances of oil, the side 
stream composed by molecules of intermediate volatility, and the residue composed by the heavier 
compounds of the oil. The composition of these streams depends on raw material composition, 
compounds volatility, and operating conditions. In this work, an external condenser was coupled to 
molecular distillation equipment to study the effect of operating conditions on methyl chavicol separation 
from basil essential oil. Because of using an internal and an external condenser simultaneously, and 
because of essential oils mean free path is several times lower than the distance between evaporator and 
condenser, the process was called of hybrid evaporation system. Methyl chavicol widest application is in 
food industry as flavoring agent, whose use is approved by FDA (Food and Drug Administration) [6]. It is 
a natural ingredient found in several herbs as tarragon, sweet basil, sweet fennel, and their essential oils, 
and its presence has been detected in tomatoes sauces, beverages, sausages, and fresh basil, besides baked 
products, frozen dairy, meat products, soft candy, and non-alcoholic beverages [7, 8]. Methyl chavicol 
concentration has already been evaluated by short path evaporation reaching a maximum concentration of 
89.79% [5], however, the use of an hybrid evaporation system shows the potential of obtaining higher 
methyl chavicol concentration using lower pressures, and consequently, lower evaporator temperatures.  
 
2. Materials and methods 
2.1. Raw material 
Basil essential oil (Ocimum basilicum, Vietnan) was used as methyl chavicol source. The raw material 
was supplied by FERQUIMA Indústria e Comércio ltda (Vargem Grande, SP - Brazil) and it was 
extracted by vapor distillation. It presents 0.175% of water, density of 957.2 Kg/m3, and viscosity of 
1.7583 mPa.s. Raw material composition determined by gas chromatography as peak area percent is 
5.32% eucalyptol, 1.60% ocymene, 1.24% linalool, 4.08% bergamotene, 83.81% methyl chavicol, and 
0.90% methyl eugenol [5]. 
2.2. Hybrid evaporation system 
The equipment used in this work consists of a cylindrical evaporator with 0.033 m2 of surface area, 
with an internal condenser located concentrically to the evaporator, and an external condenser positioned 
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outside the evaporator, and generates 3 outside streams: distilled, side, and residue collected at external 
condenser, internal condenser, and evaporator respectively. A scheme of the equipment is shown in 
Figure 1. The equipment works under vacuum to reduce substances boiling points, minimizing their 
thermal decomposition. Due to volatile nature of essential oils, it was not possible to reach pressures 
lower than 0.133 kPa, for this reason the pressure was fixed at this value to perform the experiments. The 
temperatures of internal and external condenser were set at 0 °C and -10 °C, respectively. The raw 
material was introduced at the top of the equipment, flow over evaporator surface, and was homogenized 
by an agitation system kept at 750 rpm. As the evaporator was heated, most volatile compounds 
vaporized, found the cooled internal condenser, became liquid and left the system in a side stream. The 
portion of the material that did not evaporate went to the residue stream. The most volatile fraction was 
collected at distilled stream in the external condenser. 
 
Fig. 1. Hybrid evaporation  system. 
2.3. Determination of methyl chavicol composition 
Methyl chavicol composition in distilled, side and residue streams were determined by peak area 
percentage in gas chromatography equipment, Agilent model 7890A, equipped with a mass spectrometer, 
using a capillary column of polyethyleneglicol, model BP-20 (SGE), and dimensions of 30m x 0.25 mm x 
1 μm. The instrument was controlled through ChemStation software. Helium was used as carrier gas. 
Operating conditions were: split of 1:30, injector and detector temperatures of 250°C, and injection 
volume of 1μL. Samples were diluted in dichloromethane in concentration of nearly 0.1g of oil/ ml of 
dichloromethane. The temperature program started at 40°C, holding at this temperature for 1 minute, and 
then reached the temperature of 220°C using a heating rate of 10°C/min.  
2.4. Central composite experimental design 
Central composite experimental design using 2 factors and 4 replicates at central point was employed 
in this work. The relationship between factors (independent variables) and response (dependent variable) 
was modeled by fitting a second-order polynomial equation given by equation 1:  
2
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in which X1 and X2 are the independent variables, β0, β1, β2, β12, β11, and β22 are the regression 
coefficients, and Y is the response function. Selected factors were: evaporator temperature (Tevap) and 
feed flow rate (FFR), which were represented by coded variables X1 and X2, respectively. Coded and real 
variables are related by the equations 2 and 3: 
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 in which Tevap and FFR are the real values of factors, Tevapo and FFRo correspond to the real values of 
factors at central point, and 'Tevap and 'FFR are the factors range divided by 2. The factor range is 
defined as the difference between the real factor value at coded levels (-1) and (+1). Table 1 shows coded 
and real levels used in the matrix of experiments. 
Table 1. Matrix of central composite experimental design 
Run Coded variables Real Variables 
X1 X2 Tevap (°C) FFR (ml/min) 
1 -1 -1 30.0 11.0 
2 -1 +1 30.0 19.0 
3 +1 -1 60.0 11.0 
4 +1 +1 60.0 19.0 
5 -α 0 23.9 15.0 
6 +α 0 66.2 15.0 
7 0 -α 45.0 9.4 
8 0 +α 45.0 20.6 
9 (C) 0 0 45.0 15.0 
10 (C) 0 0 45.0 15.0 
11 (C) 0 0 45.0 15.0 
12 (C) 0 0 45.0 15.0 
Tevap = Evaporator temperature, FFR = Feed flow rate, (C)= Central point, and α=1.41 
 
Methyl chavicol composition in Four replicates at the central point of the experimental design were 
performed and they correspond to the essays 9, 10, 11, and 12, as it can be observed in Table 1. Letter C, 
in the first column, indicates that these points are central points, i.e., they are located in the central of the 
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experimental design. Central points are determined by setting all factors at their midpoints or, in coded 
form; they fall at the all zero level. Their importance is related to check the lack of fit of the model and to 
estimate experimental error. Response variables were distilled percentage (%D) and methyl chavicol 
concentration at side stream (%MC). All experiments were carried out in a randomized order to minimize 
the effect of unexpected variability in the observed response. The effect of each variable and the 
interaction among them into methyl chavicol enrichment using hybrid evaporation system were calculated 
using the software STATISTICA 7.0® from Statsoft Inc (2004). The quality of the fitted model was 
validated by analysis of variance (ANOVA), F-test and the correlation coefficient R2. Test F was used to 
verify if the variance explained by regression model is statistically larger than the variance of the residual, 
and to analyze model lack of fit.  
3. Results and discussions 
3.1. Process evaluation 
Table 2 presents experimental results of distilled (%D), side (%S), and residue (%R) streams 
percentages, and methyl chavicol concentration (%MC) in which one of them. For all runs, it is possible 
to note that high methyl chavicol concentrations were found in all streams because methyl chavicol is 
present in high amounts in the raw material. However, MC higher values were reached at side stream, 
because its intermediate volatility when compared with other substances present in basil essential oil as 
eucalyptol, ocymene, linalool, bergamotene, and methyl eugenol [4]. It was observed a methyl chavicol 
concentration increasing from 83.81% at raw material to 91.75% at side stream in run 7.  
 
Table 2. Experimental results 
Run %D %MCdistilled %S %MCside %R %MCresidue 
1 13.66 83.52 45.14 89.55 41.20 89.14 
2 9.27 80.74 25.73 86.08 65.00 90.18 
3 30.85 84.34 68.70 88.31 0.45 79.77 
4 27.85 86.83 65.04 88.85 7.11 80.97 
5 6.57 82.23 19.60 84.81 73.84 89.47 
6 32.90 86.33 64.69 89.76 2.42 66.77 
7 25.33 84.51 69.09 91.75 5.58 71.94 
8 18.08 83.08 50.51 89.17 31.40 87.52 
9 (C) 21.53 84.91 59.31 89.78 19.16 84.59 
10 (C) 21.99 85.10 53.42 89.55 24.60 87.37 
11 (C) 19.96 81.44 58.13 89.72 21.90 86.46 
12 (C) 21.55 85.11 57.97 90.07 20.49 85.34 
 
Figure 2 shows total ion chromatogram of distilled, side, and residue streams obtained at run number 
6. It is clear that the most volatile compounds of the oil (from 3.8 to 8 minutes) were collected 
preferentially at distilled stream while the heavier compounds of the oil (from 13 to 19 minutes) were 
preferentially collected at residue stream, increasing methyl chavicol concentration at side stream. 
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Comparing the results with the ones obtained by short path evaporation [5], a better fractionation was 
obtained using a hybrid evaporation system. 
 
 
Fig. 2. Chromatographic profiles of distilled, side, and residue streams from run 6. Peak identification: 1.Eucalyptol, 2.Ocymene, 
3.Linalool, 4.Bergamotene, 5.Methyl chavicol, and 6.Methyl eugenol. 
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3.2. Evaluation of operating conditions effects 
The effect of operating conditions on distilled percentage was analyzed considering a confidence level 
of 90%, therefore, if the p value is lower than 0.1, that means that there is a 90% of chance of a variable 
influence on the process. The variable effects on distilled percentage are shown in Table 3. Analyzing 
Table 3, it is possible to conclude that linear and quadratic contributions of evaporator temperature and 
linear contribution of feed flow rate are significant variables of the process on the distilled percentage. 
 
Table 3. Operating conditions effects on distilled percentage (%D) 
 Effect Error t(3) p 
Average 21.25738 0.443674 47.91213 0.000020 
Tevap (L) 18.25089 0.627450 29.08739 0.000089 
Tevap (Q) -1.68185 0.701511 -2.39746 0.096094 
FFR (L) -4.41251 0.627450 -7.03245 0.005908 
FFR (Q) 0.29501 0.701511 0.42054 0.702399 
Tevap x FFR 0.69532 0.887349 0.78359 0.490450 
 
In the equipment used during this work, the position of feed inlet in the evaporator and the material 
outlet of the evaporator to the external condenser (Positions a and b in Figure 1) are at the same level. 
Because of it, there was the possibility that the volatile material collected at the external condenser was 
produced only by suction provided by the vacuum system. However, Table 3 shows that operating 
conditions of evaporator temperature and feed flow rate influenced the amount of material collected at the 
external condenser, demonstrating that the most volatile portion of the oil is not simply dragged by the 
vacuum system. 
Table 4 presents effects of operating conditions on side amount percentage. It was possible to verify 
that linear and quadratic contributions of evaporator temperature, linear contribution of feed flow rate 
(FFR) and the interaction between evaporator temperature and feed flow rate (Tevap x FFR) were 
significant variables of the process considering a confidence level of 90%. 
 
Table 4. Operating conditions effects on side percentage (%S) 
 Effect Error t(3) P 
Average 57.2075 1.297372 44.09492 0.000026 
Tevap (L) 31.6592 1.834760 17.25524 0.000424 
Tevap (Q) -14.9725 2.051325 -7.29894 0.005310 
FFR (L) -12.3365 1.834760 -6.72378 0.006716 
FFR (Q) 2.6825 2.051325 1.30769 0.282164 
Tevap x FFR 7.8750 2.594743 3.03498 0.056089 
 
Effects of operating conditions on methyl chavicol concentration at side stream is presented at Table 5. 
The results showed that linear and quadratic contributions of evaporator temperature (Tevap), linear 
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contribution of feed flow rate (FFR) and the interaction between evaporator temperature and feed flow 
rate (Tevap x FFR) were significant variables of the process considering a confidence level of 90%. 
 
Table 5. Operating conditions effects on methyl chavicol side stream (%MCside) 
 Effect Error t(3) P 
Average 89.78200 0.107585 834.5227 0.000000 
Tevap (L) 2.13544 0.152148 14.0353 0.000783 
Tevap (Q) -2.83862 0.170107 -16.6873 0.000469 
FFR (L) -1.64687 0.152148 -10.8242 0.001687 
FFR (Q) 0.34288 0.170107 2.0156 0.137232 
Tevap x FFR 2.00200 0.215170 9.3043 0.002628 
 
The model that describes methyl chavicol concentration is given by equation 4, in which X1 and X2 
correspond to evaporator temperature and feed flow rate respectively in coded form. The model was 
evaluated by ANOVA which data are presented in Table 6. One of the criteria to accept a model that fits 
experimental data, is to attend F-test. F value is calculated by the ratio of mean square of regression over 
residual. Then, this value is compared with tabulated F values, considering the same confidence level. In 
this case a 85% confidence level was considered. If the Fcalculated is at least 3 times higher than Ftabulated this 
is an indication that the model well represents experimental data [9]. For this model, F5,6 calculated 
(8.128227) obtained by the ratio of mean square of regression over residues is 3.28 times higher than F6,11 
tabulated (2.477977). It means the obtained model fitted experimental data, and model adequately 
explains experimental data variation, presenting a correlation coefficient of 0.87136.  
 
%MCside = 89.78200 + 1.06772.X1 - 1.41931.(X1)2 – 0.82344.X2 + 0.17144. (X2)2+ 1.00100. (X1.X2)    (4) 
 
Table 6. ANOVA of methyl chavicol concentration at side stream 
Source of 
variation 
Sum of squares Degrees of 
freedom 
Mean Square Fcalculated Ftabulated 
Regression 32.83 5 6.565417 F5,6= 8.128227 F5,6 = 2.477977 
Residues 4.85 6 0.80773   
Lack of fit 4.70749 3 1.569163   
Pure error 0.13889 3 0.046298   
Total 37.67347 11    
 
Surface response and contour curves for methyl chavicol concentration are presented at Figure 3, and 
show that higher methyl chavicol concentration at side stream could be reached using lower feed flow 
rates. 
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Fig. 3. Response surface and contour curves of methyl chavicol concentration at side stream. 
4. Conclusions 
This work demonstrated that is possible to increase methyl chavicol concentration of basil essential oil 
using a hybrid evaporation system and that higher concentrations were get at side stream due to 
intermediate volatility of methyl chavicol when compared with other substances that compose basil 
essential oil. Process analysis showed that distilled stream is not only influenced by the vacuum system, 
but operating conditions as evaporator temperature and feed flow rate also contributes on distilled 
amount. For side stream, the variables: evaporator temperature, feed flow rate, and the interaction 
between evaporator stream and feed flow rate influenced the side amount and methyl chavicol 
concentration. For all responses studied in this work, evaporator temperature was the variable of highest 
influence. 
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